The protective mechanisms of Deinococcus radiodurans against primary reactive oxygen species involve nonenzymatic scavengers and a powerful enzymatic antioxidant system including catalases, peroxidases and superoxide dismutases that prevents oxidative damage. Catalase is an enzyme that is responsible for the conversion of H 2 O 2 to O 2 and H 2 O, protecting the organism from the oxidative effect of H 2 O 2 . This study reports the purification and crystallization of the DR1998 catalase from D. radiodurans. The crystals diffracted to 2.6 Å resolution and belonged to space group C222 1 , with unit-cell parameters a = 97.33, b = 311.88, c = 145.63 Å , suggesting that they contain four molecules per asymmetric unit. The initial phases were determined by molecular replacement and the obtained solution shows the typical catalase quaternary structure. A preliminary model of the protein structure has been built and refinement is currently in progress.
Introduction
The bacterium Deinococcus radiodurans has significant resistance to ionizing and ultraviolet radiation or desiccation. The organism is able to deal with the side effects of these conditions, namely the intracellular oxidative stress that is incurred by an increase in the formation of reactive oxygen species (ROS; Cox & Battista, 2005; Slade & Radman, 2011; White et al., 1999) . ROS can damage proteins, lipids, nucleic acids and carbohydrates and can induce double-strand DNA breaks in the bacterial genome (Brawn & Fridovich, 1981) .
The protective mechanism of D. radiodurans against oxidative damage involves nonenzymatic scavengers such as divalent manganese complexes and carotenoids and a powerful enzymatic antioxidant system including superoxide dismutases, catalases and peroxidases against primary ROS such as superoxide radical (O À 2 ) and hydrogen peroxide (H 2 O 2 ) (Culotta & Daly, 2013; Slade & Radman, 2011; Tian & Hua, 2010; Fridovich, 1978; Chou & Tan, 1990; Lipton et al., 2002) . Catalases (EC 1.11.1.6) from many species are known to be tetrameric enzymes that catalyze the disproportionation of H 2 O 2 to O 2 and H 2 O, and can be classified based on their catalytic metal centre as haem, nonhaem or Mn-containing catalases. The group of haem-containing catalases includes monofunctional catalases and bifunctional catalase-peroxidases which have both catalase and peroxidase activities (Chelikani et al., 2004; Maté et al., 2006; Zamocky et al., 2008) .
An analysis of the D. radiodurans genome indicated that this organism encodes three catalases: DR1998, DRA0259 and DRA0146 (White et al., 1999; Makarova et al., 2001) . Catalase activity has been reported in several studies of D. radiodurans. An increase in the catalase activity has been observed in the stationary phase from growth of D. radiodurans in the presence of manganese when compared with a control (Chou & Tan, 1990) ; an increase in the total catalase activity in bacterial cultures pretreated with 10 mM H 2 O 2 was also observed, and it is interesting to note that under this condition the bacterial cultures were more resistant to the lethal effects of UV and radiation (Wang & Schellhorn, 1995) . A knockout mutant deficient in catalase was observed to be more sensitive to ionizing radiation than wild-type bacteria (Markillie et al., 1999) . Although all of these studies suggest an essential role of the antioxidant enzymes in this organism, the only such enzyme that has been characterized from D. radiodurans is DR1998, which is classified as a monofunctional haem-containing catalase, since peroxidase activity is absent (Kobayashi et al., 2006) , and is constitutively expressed (Lipton et al., 2002) .
In this study, we describe the purification of the DR1998 catalase isolated directly from D. radiodurans, its crystallization, diffraction data collection to 2.6 Å resolution and a preliminary crystallographic analysis that confirmed its oligomerization as homotetrameric, similar to other monofunctional catalases.
Materials and methods
2.1. Bacterial growth and protein purification D. radiodurans was grown at 303 K on M53 medium until the optical density at 600 nm reached 2.0. Cells obtained from 300 l of culture were harvested, resuspended in 20 mM Tris-HCl pH 7.2 and disrupted in a French press at 62 MPa. After ultracentrifugation (182 000g, 6 h 30 min), the soluble fraction was dialysed overnight against 20 mM Tris-HCl pH 7.2 at 277 K.
All purification procedures were performed in 20 mM Tris-HCl pH 7.2 at 277 K using an Ä KTAprime (GE Healthcare). Protein concentration was performed in a Diaflo ultrafiltration device (Amicon) using YM10 membrane. DR1998 catalase was purified from the soluble fraction in three consecutive anionic chromatography steps, firstly a DEAE-Fast Flow column (10 ml min À1 ; XK 50/30, GE Healthcare) and secondly a Q-Sepharose HP column (2 ml min À1 ; XK 26/10, GE Healthcare), both using a linear gradient from 0 to 1 M NaCl. Finally, a HiTrap Q-HP column (1.5 ml min À1 ; GE Healthcare) was used with a linear gradient from 0 to 1 M sodium acetate. Between each chromatography step, the catalase fraction was dialysed; it always eluted at $0.6 M ionic strength.
Protein purity was confirmed by SDS-PAGE (Fig. 1a ). The protein band was analysed by N-terminal sequencing. The obtained sequence (VQGVGGPR) was compared with the D. radiodurans genome database and the protein was identified as DR1998 catalase. The molecular mass deduced from its amino-acid sequence is 60 513 Da. The UV-visible absorption spectrum of the catalase displayed absorption maxima typical of a haem protein, with the Soret band at 406 nm, two broad bands at 503 and 538 nm, and a band at 625 nm indicating a high-spin haem (Fig. 1b ). 46 † CC 1/2 is the percentage of correlation between intensities from random half-data sets (Karplus & Diederichs, 2012) . ‡ R merge = P hkl P i jI i ðhklÞ À hIðhklÞij= P hkl P i I i ðhklÞ, where I i (hkl) is the observed intensity and hI(hkl)i is the average intensity of multiple observations of symmetry-related reflections (Arndt et al., 1968) . § R meas = P hkl fNðhklÞ=½NðhklÞ À 1g 1=2 P i jI i ðhklÞ À hIðhklÞij= P hkl P i I i ðhklÞ, where N(hkl) is the data multiplicity, I i (hkl) is the observed intensity and hI(hkl)i is the average intensity of multiple observations of symmetry-related reflections. It is an indicator of the agreement between symmetry-related observations (Diederichs & Karplus, 1997) . } R p.i.m. = P hkl f1=½NðhklÞ À 1g 1=2 P i jI i ðhklÞ À hIðhklÞij= P hkl P i I i ðhklÞ, where N(hkl) is the data multiplicity, I i (hkl) is the observed intensity and hI(hkl)i is the average intensity of multiple observations of symmetry-related reflections. It is an indicator of the precision of the final merged and averaged data set (Weiss, 2001) . cacodylate pH 6.5, 20% PEG 8000. Additional optimization experiments were carried out in order to improve the crystal quality and size. Different modifications of the initial condition were tested using the hanging-drop method by mixing 1.0 ml native protein as purified (12 mg ml À1 in 20 mM Tris-HCl pH 7.2, 0.6 M NaCl) with 1.0 ml reservoir solution (Fig. 2) . Catalase crystals were cryoprotected using the reservoir solution supplemented with 25% glycerol prior to flashcooling in liquid nitrogen.
Crystallization and cryoprotection

Data collection and processing
Several crystals were subjected to X-ray radiation under a 100 K nitrogen stream and diffraction was barely visible. Nevertheless, one data set was collected on beamline ID29 of the European Synchrotron Radiation Facility (ESRF), Grenoble, France. Diffraction images were collected using a PILATUS 6M detector. A total of 1400 oscillation images were recorded using two passes of 0.1 0.08 s exposures over a total crystal rotation of 140 at a crystal-to-detector distance of 686.46 mm. Images were integrated and the intensities produced were scaled with XDS (Kabsch, 2010) . Data-collection details and processing statistics are listed in Table 1 .
Results and discussion
DR1998 protein crystals produced very weak diffraction and the best diffracting crystal obtained to date gave individual intensities with a global hI/(I)i of 2.3. With such a low signal-to-noise ratio in the original data, it was not a surprise to obtain an unusually high R merge of 0.308. However, after merging all symmetry-related intensities, with a multiplicity of 5.2, the final merged and averaged data set showed a signal-to-noise ratio hI/(I)i of 5.3 (Table 1) .
The crystal belonged to the orthorhombic space group C222 1 , with unit-cell parameters a = 97.33, b = 311.88, c = 145.63 Å . The distribution of the Matthews coefficient (Matthews, 1968; Kantardjieff & Rupp, 2003) at 2.6 Å resolution indicated a 71% probability of four DR1998 molecules in the asymmetric unit, which corresponded to a calculated solvent content of 46% and a V M of 2.28 Å 3 Da À1 . Unexpectedly, the self-rotation distribution did not show the presence of any additional noncrystallographic rotational axes in the asymmetric unit in addition to the three crystallographic twofold axes along the three orthogonal directions.
Since several catalase structures are available in the Protein Data Bank (Berman et al., 2000) , attempts were made to solve the phase problem using molecular replacement. A sequence-similarity search using the DR1998 sequence (White et al., 1999) was performed with FASTA (Pearson & Lipman, 1988) at the EBI site (http:// www.ebi.ac.uk) on available catalase structures. The structure with the highest identity (50%) was the catalase from Exiguobacterium oxidotolerans (PDB entry 2j2m; Hara et al., 2007) . However, molecular-replacement attempts using the monomer, dimer or tetramer as search models with Phaser (McCoy et al., 2007) in the PHENIX suite (Adams et al., 2010) were unsuccessful. With the aim of producing a more suitable search model by trying to increase the accuracy of the search fold to reproduce that of DR1998, the program PDBeFold (http://www.ebi.ac.uk/msd-srv/ssm/cgi-bin/ssmserver) was used to superpose the six catalase models with highest sequence similarity (50-34%): PDB entries 2j2m from Exiguobacterium oxidotolerans (Hara et al., 2007) , 1m7s from Pseudomonas syringae (Carpena et al., 2003) , 1gwe from Micrococcus luteus (Murshudov et al., 2002) , 1dgf from Homo sapiens (Putnam et al., 2000) , 2iuf from Penicillium janthinellum (Alfonso-Prieto et al., 2007) and 1sy7 from Neurospora crassa (Díaz et al., 2004) . The ensemble was examined with Coot (Emsley & Cowtan, 2004) and nonsuperposed chain segments and most external loops were excluded in order to target only the structurally conserved regions within this set of structures. This time, Phaser succeeded in locating four molecules in the asymmetric unit with translation-function Z-scores (TFZs) of 20, 35, 47 and 56, which indicate a successful solution (Oeffner et al., 2013) . A packing analysis of the solution revealed that the four molecules in the asymmetric unit are arranged as two different dimers (Fig. 3) , with twofold NCS axes parallel to directions x and z, thus explaining why the rotation function did not reveal additional NCS axes. The combination of the two dimers with the crystallographic symmetry generates two independent DR1998 tetramers that display the typical catalase oligimerization architecture. The DR1998 catalase structure is currently under refinement in order to provide insights into the molecular function of this catalase. Solvent-accessible molecular-surface representation of the molecular-replacement solution: A, B, C and D (in darker colours) correspond to the DR1998 asymmetric unit and A 0 , B 0 , C 0 and D 0 (in lighter colours) correspond to the crystallographic image from the operation (Àx, y, Àz + 1/2). This symmetry operation builds up the typical catalase oligomers (ABA 0 B 0 ) and (CDC 0 D 0 ), each with 222 point-group symmetry, upon combination of the crystallographic C 2 symmetry with local twofold symmetry axes. Directions x and y are in the plane of the paper and direction z is perpendicular to this plane.
Figure 2
Brown crystals of DR1998 catalase grown in 0.2 M magnesium acetate, 0.1 M sodium cacodylate pH 6.5, 20% PEG 8000.
